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FORIWORD

For somg time the British Welding Ruscarch Association has been con-
duscting on behalf ¢f the Ministry of Supply an investigation having as
its main objuctive the developmen®t of high tensile weldable structural
steols,

Tho following roperts in this scriss have already bzon issued:-
V.R.(D) 2/52 -~ "Corrolation of Vuldability Tests with Structural Joints!

W.R.(D) 2/53 =~ Miustenite Trensformation Characteristics in Relation to
Hard-Zonc Cracking in 'lelded Low-illoy Stcels",

In the course of' the ruscarch a large number of low alloy steels have
been investigated and two in particular, kmovn as steels i and B of the
typical compositions given below, have been shovm to combine good weld-
ability with satisfactory mechanical properties in the normalised and
normalised and tempered conditions.

c ¥n si s P oM
Stecl A 0,13/0.17 0.80/1.0 0.3 mex, 0.035 max. 0.035 max. 0.5/0.7

Cr o
0.8/1.0 0.20/0.25 per cent,

Steel B c M Si s P Ni
0.13/0,17 1.0/1.2 0.3 max, 0.035 max. 0.C35 max. 0.2 max.

Cr Mo '
0.5/0.7 0.20/0.25 per cent.

In the interests of providing alternative steels economising in . .
molybdenum, the B.S.A. Group Resenrch Osntre suggested that this element
could be effectively rsplaced wholly or in part by vanadium and with the
agreement of the Ministry of Supply they preparsd some experimental melts
of vanadium bearing steels bascd on the composition of Steels A & B. In
addition to preparing the alloys, the Rescarch Centrc also investigated
mechanical properties and microstructures in the form of bar 13" dia. and
place £" thick, both in the normalised and tompersd condition. The resulbs
of this work arc given in Part I of tho present rceport.

In order that the weldability of these alloys could be assessed in
relation tr the other experimental alloys previously examihed by the
B.W.R.A., plates 2" thick in each of the vanadium alloys were supplied to
the B,W.R.A. by tho B.5.A, Group Rescarch Centre., The resulting tests by
B.W.R.A. werc described in B,7W.R.A. Report M.0.8/L.21, which forms Part II
of the present report.

Since the results described in Parts I and II applied to comparatively
thin plates of the vanadium-bonring steels, it was thought desirable 3o
carry out mechanical foots of ths plutus normalised so ns to reproduce
conditions oquivalent to those resulting from trenting thick plate. The
results of these tests by BJL.R.A. were given in B.W.R.A. Repord H.O.S/L.27.
which is réproduced ns Part ITII of this Report,

’\(\.__‘



PART I
VAWDTUA = PLRING | HIGH TEMGILG_ WRIDABIR | STERLS

By
The B.S.A. Group Research Centre, Sheffield o

1.  INTRODUCTION
The British Welding Research Association has carried out & consider-

able amount of rescarch work in the development of high t‘em‘;ile: weldable
steels. As a result of this work, two steels have be¢n selected which

‘combine good veeldability with satisfactory mechanical properties in the

normalised and the normalised and tcmpered conditicns, at the section
sizes investigated., Both steels are alloyed with Mn, Ni, Cr and Mo; the
actual chemical compositions are glven 1n Table I below (Steels A and B)
In reaching these two stevls, the ef‘fects of variations in Mn, Ni and
Cr contents had becn studied, but the Mo, content had been mamtalned
throughout at a constant valuc. of 0.25%. ' It was, suggested by the B.S. A

Group Research Centre that Mo could be efifectively replaced by other alloy-

ing elements, notably V, and that the effects of this substitution should

be studied in view of enstmg and possible fubure difficulties in the world

supply of molybdenum. This suggestion wag accepted and the B.S.A. Group
Rescarch Centre undertook to prepare suitable experimental melts of Ve
bearing steels, to investigate their mechanical properties and to supply
materiel for weldability tests to be carried out by B.W.R.A.

This Report describes the preparztion of the experimental steels,
their heat trontment and thoir mechanical properties.

2, IETATLS QOF EXPERIMENTAL VORK

(2) Specification and Actual Composition of Experimental Melts

- The specification for the six exparimental melts, 1 to 6, based
on the twe B.W,R.A. stecls A and B, with the Mo content omitted or
reduced, and with additions of V, as shown in Table I,

TABIE I

Spacifications of Six Experimental Vanadium-Besring Steels
(Wt. per cent)

SPECI- . .

FICATION C Mn | Si S P Ni Cr Mo v
A 0.13{ 0.80{ 0,3 0,035 | 0.035] 0.5| 0.8 ] 0.,20| =
0,17 ] 1.0 | Max | Max Max | 0.7 | -1.0 | <0.25} =

1 do. do. | do. do. do. do. do. - 0.15

2 do. do, | do, do. do. do,| do. | - 0.10

3 do. do, | do. do. do. do. do. 0.10 0.10

1.0 0.2] 0.5 0.20

B do. | =1.2 | do. do. do. Mox | =0.7 [=0.25] -

1 do. | do.| do. | do. do. do. { do. - 0.15

2 do. do. | do. do. do. do. do. - 0.10

3 do. do. | do. do. do. dé. | do. 0.101] 0.10

Three 2C 1Ib, hiyh frequency furnace melts were made to cach of the
six specifications, -nd a single 14 Ib, ingot cact from cach melt, The
chemiaal comporitiens of lhie cisilean dngols nre siven in Table II.

n e e s
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TABLE IT

Chomioal Compositions of Stools Made to Spocifications 1-6

ol e || s s Pl w oor| vV | Mo |peesore

3207 | 0.12| 0,57 | 0.11] 0.021 | 0.012 | 0.75 |0.87} 0.22| - 4"

3208 | 0,17 0.69 { 0.11] 0,021 | 0,010} 0,70 [0.90} 0.22| - 1

3209 | 0,16 | 0.69 | 0,10] 0,025 | 0,010 0.76 |0.89| 0.23| - 1

3210 { 0.15( 0.78 | 0.09| 0.025 | 0,010 0.73 |0.92| 0. 14| - 2

3211 | 0,18 0,74 | 0.05| 0,021 | 0,010 | 0,85 |0.88] 0.14| - 2

3212 | 0,19 0.90 | 0.05} 0.021 { 0.014 | 0,83 |0.90} 0.12| - 2

32135 0.16| 0.86 | 0,18 0.018 | 0.010} 0.79 [0.97| 0.1 | 0,19 3

3215 0,17 0.99 | 0.20] 0.021 | 0,010 0.78 | 0.95| 0.14 | 0.19 3

3215] 0,17 0.85 | 0.13} 0,028 0.010( 0.75 |0.96 | 0.10 | 0.21 3 f

3216 | 0.20| 1.24 | 0.16| 0.025| 0,010 0,10 { 0,71 | 0.23 | = b J

3230{ 0,17 1.23]0.15| 0.021 | 0.010| 0.10 [ 0,70 | 0.1 | - 4 4

3231 0.16| 1,13 0.15] 0,020 | 0,010 | 0,08 {0.68 | 0.20 | - 4 ‘
J 32327 0,15|1.21 | 0,16 0,022 [ 0.010] 0,14 {0.68 | 0.18 | =~ 5 :

32331 0,13 | 1.43 | 0.14] 0.024. | 0.011 { 0,12 | 0,69 | 0.12 | - 5

3238 0,15] 0.97 | 0.17] 0,022 | 0,011 | Trace} 0.62 | 0.13 | - 5 :

32391 0,16 1.08 | 0.06| 0,022 { 0,010 | Trace| 0.6° | 0,15 { 0.15 6 ;

3240 0,15 1,13 0,13} 0.022 | 0.010 | Trace| 0.62 | 0.13 | 0.13 6 :

3241 | 0,15{ 0,94 | 0.09| 0,023 [ 0,010 | Trace] 0.68 | 0.12 | 0.17 6 )

Thers ore rather wide varintions in these compositions, but it was .

decided to proceed with the further cxamination of the steels., Two ingots
from each set of three were forged to pla to 4 inches wide by 5/8 inches
thick for \'mldablllty tasting, and the third to 1.1/4 inch diometer bar,
These two section sizes are cquivalent.in that they cool at similar rates
(nccording to B.S. 971, 5/8 inch thick plate is equivalent to 1.23 inch
diameter bar, in air coollng). The bar material was prepared from the last :
ingot in each set, as tabulnted in Table T,

two were designated X and two Y. All the bar material was then heat
treated as follows:- ¢

-in order to check-on the possﬂn.llty of temper brittleness in the absence
of molybdenum,

.tensile test pieces, and subjected to test. Hardness measurements were
also made., The results arc given in Tablc I1T,

b) Heat Prentment of Bar Materiasl

¢) Mechanical Propertivs of Bar Material

Each 1.1/4" diameter ber was cut infto four sections, of which

Bars X ..., Normalise from 900°C, Temper at §00°C for 1 hour.
Bars Y .... Normalise from 900%C, Temper at 650°C for 1 hour.

The bars were allowed to -air cool from the tempering temperature

The heat=trcated bars were machinod to form standard Izod and

N
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TABIE III

Meohanio'al Propartics of Six Vanadium-Bearing Steels

g}ms X +... Normalised 900°C, Tempered 500°C/1 hour, air cool.§

Bars ¥ .,.. L 200°¢, " 650°/1 howr, " "

Yield Icint . ! . Reduction Iznd
- Mark 0.2:5 Proof Hiax ?‘bress? ) Elongatlzn in area Tmpact:
tons/sq.in, ) .(tonq/sqm1n. per cenv. | por cent. ft. 1b.
3209X 32.0 41,6 28.0 61.6 62, 57, 80.
3209Y 30.4 ©o3.6 29.0 6y.0 |70, 73, 35.
3212X 33.6 y..0 25.0 , 57.2 b4, 70, 40.
3212Y 33.6 43,2 24,0 61.6 57, 66, 73.
3215X 34.0 Iy 7 | et.0 50.0 35, 27, 26.
3215Y 360 1., 8 22,0 . 59.6 76,.76, 73.
323X 29.6 39.6 30.0 66.0 85, 88, 92,
3231Y 29.6 78.0 30.0 72.5 91, 92, 98,
3238 26.0 35.2 35.0 72.5 | 96, ou, 92.
3236Y 26.0 34.0 35.0 72.5 95, 97, 96.
3241X 27.6 76.0 30.0 66.0 85, 83, 82,
3241Y 29,2 %64 30.0 66.0 85, 93, 93.

The B.W.R.A. steels & and B, cn which these six vanadimn—bearing steels
are based, were intondad Ho have an 0.2% Proof stress of not less than
30 t.s.i, in the normalised and tempered condition. The data in Table IIT
show that this strength level is maintainced in stesl A when vanadium is
substituted for molybdenum end even when the vanadium content is reduced to
0.12%, 1In steel B on the other hand the 0.2% proof stress falls to 29.6
t.s.1. when a direct roplacement of vanadium for molybdenum is made, and to
26,0 $.s.i. when a roduced vanadium content is used.

The ductility of all the steels is good in relation to their .strength

.and the Izod impact value at room temperature is also véry high, except in

specimens 3212 and 3215X, Even in these spocimens the Izod tcughness is
only poor in a comparative sensc, and may indicate poor quallty steel rather
than inherent poor toughness.

In gencral the specimens tempered at 650°0 tendzd to be better in
yield ratio, ductility and toughness than those tempered at 500°c,

d) Heat Treatment and Mechanical Properties of Plate Material

The platc maborial was all heat treated by normalising at 900 C
and tempering at 650°C for 1 hour s oir cooling after tempering.
Because of the varintions in chemieal composition in the experimental
stecels, it was decided to carry out check mechanical tests on samples
cut from the heat treated plates. The results are given in Table IV,
together with the cognate data on the bar material rereated from
Table III.

-
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TABIE IV

Mochaniocal Propertiuvs of Six FBxpurimental Stocls

(5/8" thick plate, normaliscd QOO°C tcmpored 6 ;O°C/1 hour)
(1.1/4" diam, bar, v

0.2 Proor | Uttimete .| Reduction
spec.| 028%e | yoterial | Stross Tgr}Sllc Elf)rigaﬁlo_n of Arca
_ No. (b.2.4.) (ti-ze;i:a) (per, cont) (por cont,)
1 |3207 | oplate | 28,0 w2 |35 2
3208 " | 35,0 45,6 32 70
3209 bar 304 39.6 29 6L
2 3210 [ plate 33,3 41.3 3 70
- 3214 " 324 L3.2 51 79
3212 bar 33.6 43.2 24.0 61.6
3 ' 3213 plate 42,6 50.6 26 67
3214 " 45.2 54..0 22 .. 6L
3215 bar 364 ; 4.8 22,0 59.6
L. 3216 plate 32,1 k2.3 3, 67 ‘
3230 " 32,4 1.6 29 70
3231 bar 29.6 38.0 30.0 72.5
5 3232 plate 29,2 38.2 36 72
3233 n 27.7 35.3 I 75
3238 bar 26,0 3L.,0 35.0 72.5
6 |3239 plate- | 35.2 43.8 29 70
3240 " 4.9 42.0 3 72
3241 bar 29.2 N 30.0 66.0 |

Yhen due allowance has been made for composition variations, in part-
icular with respect to carbon content, it is clear that the plate material
exnibits higher values of proof stross and ultimnte tensile stress than the
bar material, This could be due to the different forging conditions, since
the plate material was subjected to a grecter degree of hot work, in
flattening out to 4 inch by 5/8 inch SthlOﬂ, than was the bar matemal.
However, a further possiblc cause of variction was in the microstructure
produced by heat treatment.

e) Microscopic Examination

Samples of all eighteen cxperimental steels were taken from the
heat treated test specimens after mechanicazl testing, care being token
to select specimens which had not been cold worked in the testing
process., These samples were polished and ctched in 2 per cent., Nital
and the structures examinud undcr the microscope.

The microstructurcs were variable, but all showed ferrite as a
major constituent. The crrbide phase wms prosent either as a fine pear-
lite or troostite or ag tompered mnrtensite; both were prosent in some
cases, in varying proportions. The actual grain size was considerably
smaller in the specimens token from plate than in those taken from bar,
confirming the gruatcr dugres of hot work in the formzr. The nicro-
structures arc given in Table V together with the carbon content and
proof stress of the corresponding test picces,

e e o e < ngr

U S
.

- e e es e —

L.




5
IABLE V

Relotionships between Microstructure, Carbon Oontent and 0.2% Proof
Stress in Six Experimental Steels

(1.1/4" @iam. bar or 5/8" thick plate, normalised 900°C,
temperad 6509C/1 hour) .,

o A
Spec. | et |Material | Morostructur | (000 IStf«éﬁi oot
1 3207 plate P+ P 0.12 28,0
3208 u Fa+P 0.17 35.n
3209 baxr P+ P 0.16 30.4
2 3210 plate P+ P+ M 0.15 33.3 |
22114 " F+P+H | 0.18 324 -
3212 bar P+l 0.19 33.6 f
3 3213 plate M+ F 0.17 8.6 ;
321L # H+ T 0.17 45,2
3215 bar F+H+P 0.17 36.4
L 3216 plate P+ U+ P 0.20 32,1
3230 u F+P+H 0.17 . 2.4
%231 oar P+P 0.16 29.6
5 3232 plate F+P+ M 0.15 29.2
3233 " P+ P+ M 0.13 27.7
3238 bar F+P+ M- 0.15 26,0
6 3239 plate F+M 0.16 35,2
- | 3200 i P+ M 0.15 3.9
3241 bar P+r M+ P 0.15 29,2

Fr- Perrite, M:~ Tempered Martensite
. P:-~ Pearlite or Troostite.

Pypical microstructurss are showvn in Figs. 1-6, all photographed at
100 magnifications., Fig.1. is typical of plate materlal Fig.2, of bar
material, both having a ferrite-pearlite structure. The mich smaller grain
size of the former is apparent. Referring back to Table V, it is clear
that this grain size diffcercence must account for the lower proof stress
of the bar muterial, in thosc cases vhere the microstructures are the same
(specificntions 1 and 5),

Fig.3. shows an intcrmodiake microstructure of ferrite plus pearlite
and some tempered martensite, and Fig.h. a microstructure in which tempered
martensite predominates. In general, wherc some mortensite is formed, the
tendency is for the plate maberial to contain more than the corresponding
bar material., This differcnce may be due to slightly faster cooling rates
in the plate than in the bar, but the finor grain sizc may alsc have had i
some influence,

Thus the lower proof strass of the bar material may be explained on
these grounds, namely o coarser grain size and n tendency to harden to a
smaller degree than the plate materinl. An anomalous result oceurs in
Specification 2, in which the bar material hardencd more than the correspond-
ing plate., The two microstructures sre shovm in Fig,b. (plate) dand Fig.6,
(bar). This snomaly may be duc to soms accident in the normalising of the ber,
but it is significant that although the proof and ultimate stress values
for this bar are high, the ductility is comparatively low, as can be seen
by reference to Table IV.

3, DISCUSSION

It is perhaps unfortunate that at the section sizes and under the
cooling conditions required to produce the materinls required for these

e, NV
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experiments, tho steels should have been on.the vorge of air hardening.
According to the oxact circumstancos, some have given a hardened structure,
others have given o forrito-punrlite structurc, and half have given an
internmedinte structure, These variations in microstructurce have to some
extent obscured the significence of tho data, since the mechanical pro-
pertios vary as would bo expected from those variwtions.

The original stecls A ond B, hent treated under comparable conditions,
give 0,29 Proof stress volues of 31.2 t.s5.i. ond 29,7 t.s.1. respectively.
If we compare thesc results with thosz on the two groups of experimental
steels, 1 to 3 and 4 to 6 respoctivoely, the following general conclusions
can bs dravm:-

v

a) the replacenent of Mo by the same amount of V causes some improve-
ment of mechanical propertiss in both Steel A and Stcel B

b) the rcplaéemcnt of Yo by a rcduced amount of V gives equivalent
propertics in Bteel A and lower properties in Steel B.

¢) the partinl replacament of Ho by V gives an improvemont in both
Steel A apd Steel B.

The effect of microstructurs on mechanical properties has already been
touched upon. This is highly important, since it has been seen that the
stecls are-on the verge of 2ir hardening., If the cooling rate of the steel
were reduced, 2s it srould be if larger section sizes were heat treated,
the formation of martensite would suppressed, and the pearlite structure
would be coarsened. The undoubted effcct of this would be tc reduce the
nechanical propertics of the stecl, t is comnmonly held, particularly in

the U.S.A. that the mechanical propertics of 1 hardenable steel are depend-

ent on its carbon content and ricrostructure, the alloy content only being
of importance in so far as it affect the latter, The difference in 0,27
proof struss betwean Cast Nos. 3208 (35.0 t.s.i.) and 3214 (5.2 t.s.i.)
each with 0,177 carbon is very significant., It can be said that the drop
in properties will be marked as the nmicrostructure changes from marten-
sitic to pearlitic, and much more gradurl as the pearlitic structure be-
comes cosrser, It is to be expected therefore that if these steels are
nornaliscd in larger section sizes, the proof stress valucs will fall.

In the heat affected zone of a weld, on the other hand, the cooling
rates will be much higher, This is quite obvious when one considers that
in this zone, heat is being lost not only to the surrounding air, as in
air cooling, but also to the surrounding cooler metal. Hence the micro-
structure of the heat affected zone is likely to be largely martensitic,
since the sterls have becn showm o be on the verge of full hardening even
vhen air cooled. Hencc the heat affocted zone hardness and the weldability
of these steels will not necessarily correlatce with the mechanical pro-
pertics, At more rapid cooling rates tho steels will in fact develop much
higher mechanical properties than are produced by the normalising and
tempering treatment considercd here.

L. CONCLUSIONS

a) Ina normalised and tempered weldable stecl containing C.15%,
0.9%n, 0.674i, 0,27Cr, and 0,22%io, the Mo can be replaced
by a smaller amownt («bout 0.1473) of V with no loss in proof
stress, ’

h) In a normalised and tumpered weldable steel containing 0,157,
1,1, 0.2% Max Ni, 0,6Xr, and 0.227%Mo, the Mo can be replaced
by the same amount of V with no loss in proof siress,

¢) There is no evidence of temper brittleness in such steels when
air cooled from the tempering temperature,

“‘.>~
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7

¥hen normalised in the form of 1.1/& inch, diam, bars, or
5/8 inch thick plates, the steels are on the verge of air
hardening. Apart from ferrite the microstructures contain
sometimes pearlite, sometimes martensite and sometimes
both,

This variation in microstructure is responsible for
variations in the mechanical properties. The proof stress
is much higher than the minimum required, when the
structure contains much martensite,

-~
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Microgtr re a - Weldable H.T,Stee]

(Etchant:- 2% Nital
(Magnification:= x 1000 diameters)

o}
1.1/4in, diam, bar or 5/2in.thick plate, normalised 900 C,
tempered 650°C/1 hour.

Fig, 1, Cast Ne.3208
Plate c 0.17%
0'3 Proof BSCOOtOSQi.

Fig, 2. Cast No.3209
Bar c 0,16%
0.2% Proof 30,4 t.s.i. —
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Fig. 3. Cast No.3210
Plate C
0.2% Proof

0.15%
33.3 t.s.i.

Fig. 4. Cast No.32l4
Plate C
0.2% Proof

0.17%
4502 teSede

~———




Fig, 5. Cast No.3211
Plate C 0,18~
0.5 PI’OOf 3204 toSoi-

Fig, 6. Cast No.3212
Bar C  0,19%
O.& Proof 3306 toSoin

N



PART TII

VBIDSBILITY OF ONEIVE TOX-ALLOY . STEE
CONITINTI, VDT

by

. C.L.M, Cottrell,M.Sc,,Ph.D. and B.J, Bradstreet,B.Sc.,

(British Welding Research Associlation)
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Synopsis ,

The weldebility of twelve low-alloy steels containing vanadium has
been investigated, In a previous investigation!, two low-alloy manganese-
nickel=chromium-molybdenunm steels were shown to combine good weldability
with good mechanical propertics, The twelve steels now reported have com-
positions based on thosc of thesc two stoels, but have reduced and zero
molybdenum contents, and contnin vaenadium. The steels have been tested
for weldability on the B.W.R.A. "Controlled Thermal Severity" test assermbly,
using mild-stecl electrodes with a low-hydrogen type coating.

W e e S

INTRODUCTION ) !

A series of 35 lov-alloy mangancse-nickel-chromium-molybdenum steels,
made from 18 1b, high-frequency induction-furnace melts, was tested
pra*.riously2 for weldability and mechanical properties., Similar tests
were then mede on two steels, made in two-ton casts, with compositions
based on those of steels of the experimental series which gave the best
combinations of weldability and mechanical properties. These two steels,
referred to as steels A& and B, also showed excellent weldability and good
nechanical properties,

Following the suggestion by the B.S.A. Group Research Centre that in
the, interests of molybdenum cconomy, molybdenun in these steels could be
replaced wholly or in part by venadium, the Research Centre prepared
experimental casts of twelve steels six of them being based on the com-
position of steel A, and six on the composition of steel B. The seels were
tested for mechdnical properties by the Research Centre and the results have
been reported in Part I ¢t this composite rcport.

Samples of the alloys in the form of 2" plates were supplied to the
B.W.R.A. and the ioldability of the stucls was assessod in terms of the
resistance to crack formetion in the heat-affected zone adjacent to o
restrained weld; under controlled conditions of cooling.

DETERMINATION OF WELDABILITY

1. Test Employed

To assess the weldability of the steels,, the B.W.R.A, "Controlled
PHermal Severity" (C.T.S.) test was used, This test, which has been
described previouslyj, makes it possible to simulate the cooling conditions
occurring in any type of structural joint.

In the present tests, three grades of cooling sgverity were chosen,
with Thermal Severity Numbers (as defined prcviously3) of 4, 6 and 14,
the last of these reprcsenting conditions of cooling as severe as these
occurring in most types of structural joint.

These severities were obtaincd by using -} in, thick top plates,
bolted to % in. or 1% in. bottom pldtcs, one weld with bithermal heat flow
and both welds with trithermal flow being used in the tests, Applying the
formula for calculating the thermal severity number (T.S.N.), we have:~

» Owving to the groat difforence in plate thickness, tests with a nominal
severity of T.9.0.14 probubly hedl o frue severity of about T.S.N.12,

{
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Top plate Bottom plate T.5.N. " T.S.N.
thickness thicknesgs Bithexrmal Trithermal
weld weld
% ing - : & din, * o 6 ‘
% in. 1% in, - 14

The top plates for the tests were machined from the experimental
steels, and the bottom plates were all mads from steel A, since there was
not sufficient matorial available from tho. uxpummuntal casts to provide
complete G.T.3. ass-..mbl:.us.

Iu.ld—étccl blOCtI‘OdbS with a low-hydrogen type coating wore used for
All the tosts; these oloctrodg..: arc egspecislly rcecommended for the welding
of low-alloy steels,

2., laterials Used

The twelve oxperimental stucls were made in 14 1b. high-frequency
induction-furnace melts. Each ingot vws forged to o plate approximately-
15 by 4 by 5/8 in. , and these plates wore then normalised from 200 deg.C.,
followed by tempering ab 650 deg.0. for 1 hour. ) .

”hc cast analysw of' the twelve stools togbtmr with those of steels
A and B are given in Tesblu I. '

TABLE T

Cast Analyscs of Experimental Stecls

Sﬁzfl 6t |si3 | s | B3 w3 | NiF |ord | V3 | oj
sk |o0.12] 0,41 ] 0.021 | 0.012 [ 0.57 | 0.75|0.87 |0.22] -
55 | 0.47] 0,11 ] 0,021 | 0.010 | 0.6¢| 0.70|0.90 |0.22] -
56 | 0.15]|.0.09] 0.025| 0.010| 0.78| 0.73}0.92 |o.14]| -
57 | 0.18|0.05] 0.021| 0.010| 0.74| 0.83|0.88 |0.14| -
58 | 0.16| 0.18| 0.018| 0,010 0.86| 0.79|0.97 |0.14] 0.19
59 | 0.17] 0.20].0.021 | 0.010{ 0.99| 0.78{0.95 |0.14| 0.19
60 | 0.20]0.16] 0,025 | 0.010| 1.24 | 0.10|0.71 |0.23| -
61 | 0.17{0.15| 0,021 | 0,010 | 1.23 | 0.10 |0.70 |o0.12] -
62 |0.15]0,16| 0.022| 0,010 1.21 | 0.14 |0.68 |[0.18| -
63 |0.13| 0,14 0,024 | 0,011 | 1.13 | 0.12 | 0.69 [0.12| -
64 |.0.16 | 0.06| 0.022 | 0,010 | 1.08 | Trace [ 0.69 |0.15 | 0.15
65 |.0.15|0.13] 0.022 | 0,010| 1.13 | Trace | 0.62 10,13 | 0.13

A |o.i40.18] 0,032 | 0.017 | 0.89 | 0.56 {0.93 | - |o0.22 | -
B | 0.140.30| 0,027 | 0,016 | 1.14 | 0.23{0.66 | - |o0.24

The bottom plates of the test assemblics were all made from the two=-
ton cest of stecl A. ‘

Mild steel, 8 S.W.G, cleetrodos, B.S.1719 classification E.614L were
used for all anchor welds and tegt welds. 411 the- electrodes used for
the test were tak«*n from the same batch, to maintain uniform test
conditions.

Yoy,
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Experimental Procedurc

() Preparation of plates and electrodes

A1l the plates werc drilled with 9/16 in. diameter holes to
accommodate the clamping bolts, and surface-ground on the contact
surfaces, The ddges of the top plates were machined. .The finished
top plates were 3 by 3 by % in., and. the bottom plates were 7 by
4 by % in,, and 7 by 4 by 1% in. respectively for the two sizes of
assombly.

The clectrodes were heated in an airmcirculating oven at 110
deg,C, for a minimun of onc hour, to ensure that the moisture content
(potential hydrogen) in the coatings was kept at a constant low value.

The clectrodes werc used immediatoly after removal from the oven.

(v) Testing Procedure

The full procedur:s for using the C.T.S. test has been described
previously*., "“Each anchor weld consisted of three runs in the horizontal
position, with a welding current of 180 amp. The assembly was held at
an angle of 45 deg., to the horizontel in a heat-insulated jig, so that
each test weld was made in the dovmhond position, and no heat was con-
ducted away from the asscmbly., Each test weld was made with the assembly
initially at room temperature.

The electrodes weres marked, so that 4 in, of electrode was used for
each 3 in, test weld., All welds were made with alternating current,
under approximately the same conditions, the following figures being
typical:-

Open-~circuit voltage: 105 wvolts,

Arc voltage: 22 volts,

Welding current: 178 amps.

Time of welding: 26 sec. _
Bnergy input: 28,000 joules per in,

The welding current was measured by means of a moving-iron ammeter
and a current transformer, the voltage by a moving-coil voltmeter, and
the total cnergy input by an induction-type integrating watit-hour meter.
The energy input used for cach test weld is shown in Table II.

(¢) Sectioning and Examinntion of Velds

To allow adequate time for the formation of hard-zone crackss,
the assemblics were left bolted together for at least three deys, and
no welds were sectioned until at least a week affer welding.

The test welds werc savm out parallel to the welding direction,
and sectioned to provide three specimens, one 3/l in, from the start
of the weld, one at the centre, and one 3/k in, from the end of the
weld,

These specimens were polished mechanically, and etched in a
solution of 3 per cent picric acid and 3 per cent hydrochloric acid
in alecohol, The specimens were examined microscopically for cracks;
the crack lengths were measured using a projection microscops, and
were expressed as n percentage of the length of the fillet leg in which
they occurred,

(@) Hardness Exploration

After polishing and etching, hardness tosts wore made on the
centre scction of cach test weld, ns showm in Fig.1. The tests were
mode with o dismond-pyramid indenter, using a 10 kg, load. The methed
of testing, and the terms used in the tables, ae as described in
previous works.
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4. Experimental Results

The results of the weldability tests are shown in Table II.

Since only the top plate of each assembly was made from the steel
under test, it was only intunded to measure orack lemgths in the vertical
leg of cach weld. .In the tests, howsver, no cracks occurred in the
horizontal leg of any of the wolds., This confirmed the exccllent weld-
ability of steel 4, as mentioned in the Footnote to Table V.

I'c cracks occurred on miy of the welds made with § in, bithermal flow
(T.S.N.4, ) even with stecel 59, vihich had an average plate hardness of 259
D.P.N. and a maximum hardnzss in the heat-affected zone of 413 D.B.N.

On two of the steels, cracks occurred in specimens welded with both
T.5.N.6 and T.S.N.1k; on seven of tho steels, cracks occurred with T.S.N.
14 only; +three of the steels showed complete absence of cracking.

There wos 2 general increase of crack scverity with plate hardness,
nnd also with the hardness in the heat-affected zone, but no definite
rolationship can be estoblished in view of the limited number of results
available with each test severity,

e s P e e A
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TABLE II

Details of Welding Conditions, Fillet Size, Hordncss and Cracking

8 §,W. G, Bloctrodes, Qlass E,614

Hardness D.P.N. (10 i;md) v
Encrgy ~ j ¢ _
Steel . Tnput Av.Ieg Heatzg.ril‘i‘ected Crislg
No. | ™77 | (x10=3 | Length Av.Vield |Av.Plate | v,1eg
joules/] (ine) |Max, | Av.Peak %
in.)
4 28.6 | n.2h |282 | 277 230 176 nil
54 6 29.0 | 0.26 | 311 297 224, 174 nil
14 28.3 0.24 | 339 3?9 245 176 nil
. L 28.9 | 0,25 | 342 331 219 198 nil
55 6 30.0 0.26 377 | 368 247 198 nil
14 . 27.7 0.25 | 374 371 242 193 <1 ‘
L] 29.3 | 0.2k |35 | 3k | 23 190 nil
56 3 28.7 | 0.23% | 367 %56 i 230 183 nil
14 27.5 0.23 | 392 381 T2L3 181 nil
X 28.2 | o.2n | 366 | 353 | . 225 199 nil
57 .6 29.8 | 0.2 |uo2 394 239 199 nil
1 27.6 | 0.22 |417 413 252 208 N
4 29.3 | 0,25 | 393 389 232 229 nil
58 6 28,4 | 0.23 | 441 405 ) 230 nil
14, 26,6 0.23 | 411 L10 235 24, L7
Lo | o277 Lo Jws | wos | 2 | 259 | nil
59 6 27.6 | 0,24 |42y 421 245 265 76
14 27.7 0.24 | L3 %23 250 270 71
L 28,2 | 0.25 | 370 368 225 185 nil
60 6 29.3 0.25 | 427 405 27 187 13
ik 28,4 | 0.24 |423 17 244 188 23
L, 29.3 | 0.2 {398 %50 220 189 nil
61 6 28,1 0.23 | 377 369 230 188 nil
14 27.5 0.2 | 393 385 . 227 " 185 2
L 28.9 | 0.25 | 318 | 312 229 171 nil
62 6 30.0 | 0.26 | 358 355 233 166 nil
1k 28.7 | 0.25 | 388 381 248 180 33
L 28.3 0.25 1| 306 297 217 160 nil
63 6 28,0 {-0.25 [ 317 316 222 158 — nil
1 28,2 | 0.22 | 352 | 37 242 161 nil
4 32.3 | 0,28 | 345 .| 336 . 229 o212 nil
6l 6 28,2 0.23 | 401 397 239 210 nil
14 27.6 0.24 | 407 403 249 201 76
4 28.2 | 0,25 |333 329 22l 198 nil
65 3 26.0 | 0.23 | 361 355 231 189 nil
14 2741 0.24 399‘ 387. 2_50 199 | 28

R




A photomacrogr'\ph of ono of the weld sections is shown in Fig.2,

6

The

crack has "forked", giving the appearance of two distinct overlapping

cracks in tho section illustrated,

DISCUSSION

A brief summery of tho results of all the tests is given in Tablec IIT,

. The bost combination of veldability and mechanical properties

was
given by steel 55, which had a yield stress of 35 tons per sq.in.; only
very slight cracking occurred on one soction of the weld made with
T.S.N.14 on this steel.
TABLE TTIT
. Summary of Results
¥ .
. %i’ii’g . | Hardness D.P.N.
Basic or 0,23 * S kv,
S*\b{eel Compo- | C%| V& | Ho?| proof |2.S.N. ,I}V.pe:k . {Cracking
MO | sition stress in heat-| Av. |y 3.¢
£ons affucted| plate 7
sQ.irn, aone
; 5L Steel A N.,12] 0.22 - 28.0 1 329 176 " onil
55 " 0,17] 0.22 - 35.0 6 368 198 nil !
. 14 371 193 |y <1
56 v 10,15 014 - 33.3 ] 381 181 | nil
57 " 10,18| 0.14] - 33.L 6 39%. 192 |1 nil
1k 413 208 Lo
58 " 10,46 0.1k | 0.19] 42.6 6 405 230 nil
) 14 410 244 L7
59 " 0.17) 0.14 ] 0.19 | 45.2 L 409 259 . nil
' 6 421 265 76
14 428 270 71
L 368 185 nil .
60 SteelB| 0,20 0.23] = 32.1 6V 405 187 73
14 417 188 23
61 v 10.47] 0010 - | 32.4 6 | 369 188 | nil
14 385 185 2
62 " 0.15{ 0,18 = 29.2 6 . 385 166 nil
. 1 381 180 33
63 v lo.13] 012] .- | 27.7 1w | w7 161 | =il
6l " 0,161 0.15]| 0,15] 35.2 6_ 397 210 nil
1% | 403 201 76
65 10,15 0,13] 0413 | 3.9 6 | 55 169 | nil
1% 387 199 23
Steel ‘A Ol = 0.22| 3.2 18 388 188 6+
Steel 'B! 0. 44| = |0.24] 22,7 (Roeve| 428 216 5 +
~ e S . vj‘_"’sﬂt) »

-
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# The test rdsults are not all quoted in this table, No cracking
occurred on tests conducted with lower Thermal Severity numbers than
those listed for each steel, Owing to the great difference in plate
thickness, tosts with a nominal severity of T.S.N.14 probably had a
truc severity of about T.S.N.12.

+ The welding tusts on stecl A and B were conducted on a Reeve test
assembly, using class E.217 électrodes, producing very severe test
conditions. With the conditions under which steels 54-65 were
wolded, no cracking would be expected on steels A and B.

Steel, 56, with a similar composition, gave a slightly lower yield
stress with complete absence of cracking., These two steels were both based
on steel A; they have higher mechanical properties than steel A, but the
tests indicate that they have slightly inferior weldability. The excellent
weldability of steel A was confirmed by the fact that though the bottom
plate of cach C.T.S. assembly was made from steel A, no cracks were found in
the horizontal leg of any of the test welds.

Steel 58 was also interesting, in that it had a yield stress (or 0.2
per cent proof stress) of 42,6 tons per sq.in., and yet did not crack on
the & in. trithermal a ssembly (T.S.N.6.)

It would appear that the molybdenum content of steel A, 0,22 per cent,
could be replaced by about 0.15 per cent vanadium, producing a steel with a
yield stress in the region of 34 tons per sg.in. in the normalised and
tempered conditions, with goed weldability when using clectrodes with a low-
hydrogen type coating,

CONCLUSIOIS

1. The replacement of molybdanum by vanadium in a low-alloy steel such

as steel A improves the mechanical propertics of the steel in the normalised
and tempercd condition without wduly affecting the good weldability when
using low-hydrogen elactrodes. .

2. The steel which gave thc bost combination of weldability and mechanical
propgrtles was onc containing approximatoly 0.177% carbon, 0.7 manganese,
0.7% nickel, 0.97 chromiun, and 0.22]% vanadium, with a yield stress of

35 tons per sq.in, in the normalised and tempered condition when heat
treated in the form of ‘2‘ in, thick plate.
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HARDNESS VALUES DFN.

AV. PEAK HEAT-AFFECTED ZONE 428
MAX HEAT-AFFECTED ZONE 431
AV. WELD METAL 250
AV. PLATE 270

@270

FI1G. 1. DIAGRAM INDICATING POSITIONS OF HARDNESS IMPRESSIONS.
VALUES GIVEN ARE FOR STEEL 59, T.S.N. i4,

FI1G.2. CRACK IN HEAT-AFFECTED ZONE. STEEL 64, TSN, 14,




SYNOPSIS

THE_ GV TCT OF 1OLYRIENWM | AND VANADIUM _ON

THE } }(JH:',N NIOAL PROPWRLDHS  OF  UERTAIN LLELOY_ STEELS
.

C.L.M. Cottrell, M.Sc.,Ph.D, and B.J. Bradstreet, B.Sc.

(British Welding Rescarch Association)

Tensile and Izod tests have been made on a number of low-alloy manganese- ,
nickel-chromium stecls based on two compositions., Ssme of the steels con- :
tained molybdenum, some contained vanadium and the remainder contained ‘both ‘
molybdenum and vanadium, .

The substitution of molybdenum by less vanadium gave a lower transit-
ion temperature combined with much. hlgher valuecs of 0,02 per cent proof*
stress, without adversely affecting the weldability of‘ the steels, :

The results apply to plates normalised under condltions equivalent to
1% in, thick sections. It is also shovm by reference to earlier work that
similar improved properties could probably be obtained with molybdenum
steels by tempering at 600°C,

1.  INTRODUCTIGN

As a pert of the investigation into the development of higher strength
weldable steels, a series of 35 experimertal low-alloy manganese-nickel- ’
chromium-molybdenum steels was examined’ for weldability and mechanical i
properties, As a result of this work “two steels were manufactured in - N
ton casts, and weldability and mechanical tests were made on both steels®. i
These two steels were designated A and B. .

In order to provide alternative steels econcmising in molybdenum, the .}
Ministry of Supply accepted an offer from the B.S.A. Group Research Centre §
to make twelve more experimantal sicels based on the compositions of Steels 4 -
A and B, but with the molybdenun eithor partly or completely replaced by H
vanadimn. These steels were test cd3 for mechanical properties ard weldahility
after heat treatment in the form of 7 - 2 in. thick plate, as described in |
Part I and IT of this composite report.

The weldability and mechanical test results for the experimental
vanadium steels were good. Since the test results related to rather thin
plate, it was decided, following a suggestion by Dr. L. Reeve, (Chairman
of the B.W,R.A, FM.8 Commit ee) to make further mechanical tests »n the
steels normalised under conditions equivalent to those occurring in thick

plate . V

2,  MATERIALS
The cast analyses of the tweive vanadium stecls are given in Table I
and analyses of Steels A and B are also included.
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TABIE I

Cost Analvses of Bxperiment Steels

Steolsl e [si3 | 83 | m3 ws | wig |op | v | Mon
5% |0.12]0.14 {0,021 0,012 |0.57 | 0.75(0.87] 0.22] -
55 10,17 ] 0.11 | 0,021} 0.010 } 0.69 [ 0.70| ©0.90] 0.22 | -=
56 | 0.15) 0,09 (0,025} 0,010 | 0.78 0.73]0.92] 0.4 -
57 0.18] 0,05 | 0,021 | 0,010 | 0,74 | 0.85{C.881 0.1k| -
58 0.16{ 0,18 1 0.018{ 0.010 [ 0.86 | 0.79] 0.97 | 0,14 0.19
59 0.17] 0.20 | 0,021 0.010 | 0,99 ] 0.78]0.95]| 0.14| 0.19
60 | 0,20 0.16]0,025{ 0.010 [ 1.24 | 0.10] 0.71] 0,23} "=
61 0.1710.15| 0,021 | 0.010 {1.25| 0.10{ C.70{ 0. 19| =~
62 10,151 0.16 0,022 0,010 |1.21| 0.14| 0.68] 0,18 "~
63 [ 0.,13] 0.14] 0,024 | 0.014 | 1.13] 0.127} 0.69] 0.12| -
6, | 0.16] 0,06 0.022| 0.010 | 1.08 | Trace| 0.69| 0.15] 0.15
65 |0.15]0.13]| 0.022| 0.010 | 1,13 | Trace| 0.62| 0.13] 0.13
A 0,14 { n.181 0,032| 0.017] 0.82 0.56] 0.93| - | 0.22
B 0,141 0.30{ 0,027 | 0,016 | 1,14 | 0.23] 0.66| - | 0.24

3,  EXPERTMENTAL PROCEDURE

In order to si nul...te , in the experimental steels, the cooling condit-
ions which occur in 1% in, thick steel a sandwich technique was used,
For the tensile tests, where one specimen "ras "‘equ:.rnd from each steel,
the steels were normalised in the form of % by % by 5 in. bars clamped
between 3 :fn thick mild steel plates, thc contact faces between the bars
and plates being machined where nzecssary to ensurc good thermal contact.,
For the notched-bar impact tests, wvherc a num‘bg.r of specimens were
required from each of steels 55, 58 and A, ¥ in. thick plates wére used
in place of the % in. square bars.

The sandwiches were nomalised by heating at 900°C for 1-;— hr,.
follovn,d by cool:mg in still air, : .

y - The' —?2- in.sq. bars werc machlncd to: give tcnalle test pleces having a
éross=sectional area of 1/20 sq.in,” and a parallel lemgth of 22 in, .
Stress/strain curves wore obtained for each specimen using a Lmdley
extensometor working on 2 2 in., gauge length. .

The % i, thick plates were each maching to give four standerd,:
three-notch 10 mm. sa. Izod ‘test bars. Bach steel was testedast 20, 0, -20
and* -400(3 using o 120 £t. 1b. oapacity Izod machine. The temperature of
cach. specimen was measured by means of 2 clip-on thermoepuple of -copper
and constantan wires with thc specisen as the junction. This method gave:
a temperature variation throughout thc cross-section at the notch, of not. .
greater than + 1 Centigrade degree from the measured temperaturc, The low
test temperatures werc obtained by immersing the machine grips and the - |
specimens, immediately prior to tost, in absolute alcochol containing solid
carbon dicxide, : .

The check whethpr the plain vanadium steels wore subject to temper

brittleness, & % in. sq. scction bar of steel 55 was heated for 1 hr. at 600°C,

and then ;urnacc cooled, 4 standard three-notch Izod test picce was machined
from the bar, and tested on th: Izod machine.

L, RESULTS

The tensile test results are given in full in Teble II,
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There was a marked difference in the type of stress/strain curve,
depending upon the presence or absence of molybdenum in the steel,
The molybdenum=free stoels (54-57 and 60-63) exhibited a definite yicld
point, whereas those steels containing molybdenum (58, 59, 64, 65, A and

B) gave a non-ferrous type of stress/strain curve. Stress/strain relation- -

ships for certain steels based on compositions 4 and B are shown in Figs,
1 and 2, the stress/stroin curves being typical of those produced for.the
various stcels, 4 comparison of curves for steels 56 and 58 (shown in
Fig.‘l) indicates how the addition of molybdenum has markedly affected the
form of the stress/strain relationship.

In general the plain vanadium stcels gave slightly lower ultimate
tonsile strengths than the plein molybdenum stecls with the same total
alloy content. It was difficult to compare these valucs vith those obtained
for the steels containing both molybdenum and vanadium, since the total
alloy content of these steels vas higher. The indications are that the
molybdenum~vanadium steels would have the same ultimate tensile strengths
as comparable plein molybdenum steels, The ductilities of the steels were
nearly always lower whore the ultimate strengths were higher.

TARIE IT

Mechanical Propertics of Steels

o Procf Stress Elong-| Reduc-

Steol COMPOSITICON Weld-T (tons/sq.in.) | y.p.g. | atien | tion
- No. abilityl— (tons/ O\I}T Ain
¢ | i3 | e |Index 0,026 0.3%]0.5% | sq.in.) “(%) 8

5, |0.12] 0.,22| - 64 |2 yield 3, C 39 72
55 | 0.17] 0.22| = 6B }27.6 yield . 37.8 38 70
56 10,15 0,14| = 6A  |26.4 yield 37.6 36 72
57 0.18] 0.14{ - 6B 27.8 yield 39,2 26 68
58 | 0.16] 0.14| 0.19] 6C [12.5 |26.2129.6 | 48.6 26 48
59 ]0.17] 0.14] 0.19] 6D 15,2 | 30.4|34.2 53,0 26 52
A T - 0.22] 6éA 13,0 |20.5]22.6 37.6 35 63
60 | o0.20] 0,23} =~ 6D  |30.2 yield 40,6 36 67
61 0.17] 0.19| - 6B |27.0 yield 39.0 3 68
62 |0.,15] 0,18| = 6C 26.1 yield 37.1 40 71
63 ]0.13| 0,12] - 6A |24,6 yield 3.3 38 75
6y | 0,16} 0.15]0.15] 6C 1.7 |22,6]25.4 | 43,6 28 55
65 |o0.15}) 0,13 0,13 6c 12,2 [22,0(24.6 | 42.1 29 57
B 0,14 - 0.24] 6A 11,8 |21.0(23.2 40,0 | 35 59

» Steels 54=59 amd steel A contained 0,57-0.99% Mn, 0.56-0.83% Ni,
and 0,70=0,93% Cr.
Steels 60-65 and Steel B contained 1.08-1.24% Mn, 0.233% max, Ni,
and 0,62-0,71% Cr,

The ratio 0,5 per cent proof stress (or yield stress)

ultimate tensile stress
changes with the presence or absence of molybdenum in the steel., For the
molybdenum=free stecls the ratio varies between 0,69 and 0.7k, the average
for eight stools being 0.71. For the steels containing molybdenum the
ratio is lower (0,53-0.65, average 0.60),

' S ———
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With the ratio 0,02 per cent proof stress, however the pregence of
ultimate tensile stress
molybdenum in the steel is accompanicd by a reduction in valuu to less than
half. 'The ratio for the molybdt.num—frae stools is the same as that given
for the 0,5 por cont proof stress, due to ths presence of a definite yield
point; (0.69-0.7k, averags O, 7|) TFor the stuels containing molybdenum
howevor, the ratio is only 0.26-0,3F, thu sverage being 0.30.

The results of Izod tests made on stuzls 5%, 58 and A, 3ll bdsed on
composition A are given in Fipg,3. These results show that the plain
venadium stecl gave the lowest transition temperature as measured by both
cnergy and ductility critexia, The stoul containing melybdonum and
vanadium gave a highor transition temporaturc and the plain molybdenum
stesl gave the highest trans:.’clon temporature, The temperatimes for 50 per
cent shear fracture’ wore -12°C., 17 C. and over 20°C, for the plain vanadium,
molybdenum=~venadium and plain molybdenum stcz2ls respectively. Taking 15 ft.
1b. energy to fracture as a criterion of notch toughness the same three
steels gave temperatures of under -409C,, -35°C,, and 29C, rc.pectivaly,

In 2ddition to hwing the lowest transition tempg.r ture, the plain vanadium
steel absorbed a minimum vnergy of 22 £t. 1b, in the lower-shelf ragion of
the transition curve, This valus is much greater than thﬂvn:.mmum cnergy of
7 £t. 1b. observed for the plain molybdenum ote«..l

A-A - e

The values obbnined from Izod tusts on the plain vanadium steel 55,
affer tempering at 600°C, followed by f’urn';ce cooling, were as follows:=

Energy absorbud: 48; 57; 60 fi, 1bL

.o
These va 1u<,s indicate that the nlaln vanadnm steels are not unduly
susceptible to temper britilencss,

! 4.
(]

In o previous J:\.por‘l:1 2 low clastic limit in manganese-nickel-
chromium stecl was shovm to be related o the presence of an wresolved .
constituent in the sbeol microstructure. For this reason the micro-
structure of steel 4 (molybdenum containing) and steel 55 (molybdenum free)
siere cxamined, Photomicrographs of the structures of these two steels in
the normalised condition me given in Figs, 4 and 5. Fig.h shoys the
structure of steel A vhich contains an appreciable amount of the unresolved
constituent, vhereas the molybdu.nuw—free steel 55 (Fig.5) does not contaim
the constituent,

Microhardnsss tests word made on the unresolved conumtuér(xt us:.ng a
diamond pyramid indenter with a 1 gm. lo2d.! The values obtained, after
correcting for error duc to the low ~pplicd load, were as folloxls -

Yatric of 21loy forribc. . cviecesearsesesss 160 DN,
Unresolved constituent .ovvevevvviies vawe 410 DBLN,

The value obtained is consistent with that obiained from a low-carbon
(0.1 per cent) martensite or lower bainite structure. The average
macrohardness of .the structure using a 10kg. load was 183 D.P.N. -

5. DISCUSSION

In a previous report” it was shown that replacing molybdenum by
vanadium in alloy steels A und B gave improved mechanical properties in
% in, thick section, without adversely ariscting weldability.

The mechanical propertics observed m this report relate to the same
alloy steels normalised in the form of 1% in. thick scction. The results »
vhich are given in Table II, indicabe that the highest value of 0.5 per
cent proof stress combined w::.th class A weldability/ is obtnined-with the
Plain vanadium steels, although the propertics are.not much better than
those of the plain molybdenum stcels. 'Thestocls containing both molybdenum
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and vanadium, with a higher total alloy content, gave the highest values
of 0.5 per cent proof streas but only class C weldability,

In some practical applications the 0,02 per cent proof stress is used
to assess tho merit of tho steel, If this criterion is used, the plain
vanadiun steels show a marked improvement over the other types of stecl.
The 0,02 per cont proof stress is increased from about 12 tons per sqe.in.
to about 24 tons per sq.in,, i.e. doubled, by substituting 0.24 per cent.
Mo by 0,12 per cent V in composition B (see Fig.2). This improvement is
achieved with less alloy addition and the weldability of the stceol is not
foducsd from olags L, 4 similar improvemont is observed with composition
v, 23 shown in Fig,1,

In other practical applications for arc-welded low-alloy steel low
transition temperatures are required, Again the plein vanadium steel
examined shows a marked suporiority over the steels containing molybdenum,
the temperature for 50 per cent shcar fracture in the plain vanadium steel
being lower by 30-40 Centigrade degrees.

The Izod transition curve for the plain molybdenum steel A shows satis-
factory agreement with results obtained from Charpy V-notch tests carried
out on this stzel by Colvilles Itd.? A comparison of the two sets of
results is given in Table III which also shows that the normalising con-
ditions used here gave a good indication of the properties to be obtained
from as-rolled 1% in. thick plate. It is likely that the plain molybdenum
steel A would have shovn nuch better notch toughness at room temperature
if it had been tempered, since Smith and Whitman’ have shown that tempering
& low-corbon manganese-molybdenum stecl more than doubles the energy
required to fracture an Izod specimen at room temperature. For this
reason it is possible that tempering will also lower the transition temper-
ature of the plain molybdenum s teel. :

TABLE TIII

Cemparison of Izod and Charpy V-Notch Tests on Steel A

) ENERGY ABSORBED Temperature

Test Material (ft. 1b.) for 50 per cent

Conditi t

ONEEIM gt =20%.] et 0%. | at 20°C. she&§o§f§° e
CHARPFY | As=-rolled 5 11 27 Lo

1% in,

thick

plate.
120D | Normalised| 10 i5 20 over 20

plate eq.

to 1% in,

thickness

The lower transition temperature exhibited by the plain vanadium
steel 55 ig interesting and shows some agreement with the work of Rinebolt
and Harris®. These investigators examined the effect of separate
additions of vanadium and molybdenum to a steel of basic composition 0,3
per cent C, 1,0 per cent Mn. These results showed that, whereas increas-
ing the molybdenum content raised the transition temperature, increasing
the vanadium content raised and then lowered this temperature. The lower-
ing of the transition temperature was observed with a vanadium content of
0.21 pt;r cent, which corresponds closely to that of steel 55 (0.22 per
cent V).

It is not possible to compare dircctly the results obtained herec with
those of Rincbolt and Harris because of the difference in basic com=~

"position of the steels and other variables. However, it is apparent that

-
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the improvoment obtained in steel A by substituting molybdcnum by vanadium
is much groator than.that obfained in the 0.3 per cent C, 1,0 por cent Mn
steol,

This differcnce may be caused by soms effect of alloy:.ng elements in
composition A (n, Cr, Ni and Mo) acting in combination in a way different )
from their separate \..ff\.cts ; o it may be due to the variation in carbon
content, ‘e.g. the adverse offccts of C and Mo o may not be additive vhon . 6
the carbon content is as high as 0.3 pur cent dn the stoel mentioned above®, .
It should also be rembered that the two soriss of tests being comparced were
made on Izod and Charpy machines respectively nnd using material 1n
different conditions of hent treatnent.

The results given herc which refur to normalicced stecl,may apply for
as=rolled material, but it should be bﬁbﬂbbrbd that high values of 0,02
per cent proof stress can be obtainud by tempering cartain molybdenum
steels ot 600°C, Also the high values of notch toughness for the plain
vanadium stecl may be due in part to_the grain refinement produced by
normalising, since Mackenzic ond Pow8 have shovm that the notch toughness
of vanadium steel is impaired by normalising from higher temperatures,
Therefore, the main advantage to be gained by substituting molybdenum by
vanadium is the attainment of o high 0.02 per cent proof stress without
recourse to tompering, this being achicved with 1little more than half the
alloy addition.

The absence of the unresolv«.,d constituent in the steel which gave a
definite yield point confirms the results reported earlier!. It now appears
that the element molybdenunm in the steels exomined is responsible for th\.
presence of this constituent at the cooling rates involved (normalised 1% in.
thick moterial, This effect of molybdenum is probably duc to its meking
the transformation of austenite more slugzish, a fact which is well known..

The atomic volume of the molybdenum is much larger than that of the
other alloying clements found in steel, e.g, Mn, Hi, Cr, Cu, V. This fact
nay account in part for the marked effect of molybdenum in retarding the
tramsformation of austenite at low coocling rates.

6.  CONCLUSIONS

It has been shovm that rc,placn.ng *bhe whole molybdenum content with a
lower vanedium content in cerbain experimental lou—alloy steels gives
improved machanical prop.rtlt. and docs not rosult in temper brittleness.:

The improvements comprise o much lower Izod transition temperature
and the production of a definite yicld point with consequent high value
of 0,02 per cent proof stross, these improvements hein; obtuned vithout’
reducing the Wc.ldablllty of th‘ S’t“blo. - .

1

The mechanical tests wor: restricted to plates normalised under
conditions equivalent to thes» cbtrined in 11. in, thick section and evidence
is given to show that sone of the reaults tay prly for similar as~rolled
material. It is possible however, that as-relled vansdium stoel may need
to be normalised to obtain 1 mere rofincd structure with consequence good
notch toughness, -

It has been shown by rofercrce to earlier wox'k1 ok that most of the '
improvement gained by the substitution of molybdenum or vanadium should be
obtained by tempering the plain nolybdenum stegl at 600°C,
The presence of a definite yield point has agn.in1 been shovm to be
related to the absence of an unresolved constituent in the steel micro-
structure,” This constituent has the hardness associnted wa.th a 1ow-car‘bon
nartensite or lower bainite,

.

.
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Fig,4 Structure containing unresolved constituent,
HMolybdenum~containing steel A,

Fig.5 8tructure without unresolved constituent,
Molybdenum~free steel 55,

Photomicrographs x 2000, Specimens etched in 2 per cent nital,
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